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The pion form factor has been measured in the space-like q2 region 0.014 to 0.26 (GeV/c) 2 
by scattering 300 GeV pions from the electrons of a liquid hydrogen target. A detailed description 
is given of the apparatus, data analysis and corrections to the data. The mean square charge radius 
extracted from the data is model-dependent. We find that a form which includes a realistic 
description of the form factor phase gives a similar result to the naive pole form, and conclude 
(r  2 ) = 0.439 __ 0.008 fm 2. 
I. Introduction 
In  t he  i n t e r a c t i o n  of  a cha rged  p i o n  wi th  the  e l e c t r o m a g n e t i c  field, the  f o r m  
f a c t o r  F~ desc r ibes  the  dev i a t i on  f r o m  a p i o n  wi th  po in t - l i ke  e lectr ic  charge,  a n d  is a 
f u n c t i o n  o f  t he  square  of  the p h o t o n  4 - m o m e n t u m  q. ( C o n v e n t i o n a l l y  we  re fer  to q2 
fo r  space- l ike ,  a n d  t = - q 2 for  t ime- l ike  p h o t o n  m o m e n t a . )  T h e  p i o n  e lec t r ic  cha rge  
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Fig. 1. Data on the squared modulus of F~ for Itl < l ( G e V / c )  2 from the reactions: (a) electroproduc- 
tion [1]; (b) direct 7re scattering [2-4]; (c) inverse electroproduction [5]; and (d) e+e  - annihilation [6-9]. 
The horizontal bar (b) indicates the range of our experiment. 
determines the normalisation F.(0) = 1, and the mean square charge radius is given 
by: 
( r  2 )  = 6 .  d F J d t l t =  o . 
In the space-like and near time-like regions (t < 4m~) F~ is real for real t. For 
t > 4m~ it is complex with phase equal to that of the ~r~r P-wave scattering 
amplitude up to about t = 1 ( G e V / c )  2. 
The modulus of F,r is measured in a number of reactions and in fig. 1 we show 
some of the available data to illustrate the broad features and the experimental 
techniques used. A large range of time-like t has been investigated directly by e+e - 
colliding beam experiments. In the space-like region data up to 10 (GeV/c )  2 have 
been obtained indirectly, from a model-dependent analysis of pion electroproduc- 
tion measurements. 
The dominant feature of the data is the O (770) resonance, with a small structure 
close to its peak due to w --+ ~r~r interference. A model for F~ derived from a two 
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parameter form for the P-wave phase shift was proposed by Gounaris and Sakurai 
in 1968 [10] but has long been regarded as inadequate. In particular the Gounaris- 
Sakurai form lies above the data in the space-like region, and below the data at 
time-like t > 1 ( G e V / c )  2, where contributions from higher resonances and inelastic 
thresholds are expected. Values for (r  2)  and the 0 mass and width depend on how 
these contributions are modelled. 
Two analyses reported in 1981 investigated the data allowing for correct analytic 
structure and with a minimum of model assumptions. Dubnicka et al. [11] found a 
description of both the modulus and phase in the elastic region (It] < 1 (GeV/c)2). 
Heyn and Lang [12] investigated modulus data in the range It] < 10 (GeV/c)  2. A 
feature of both analyses was that a simultaneous description of the phase, the 
time-like data and the space-like data required F. to extrapolate to zero at finite 
space-like q2. Heyn and Lang concluded that the electroproduction data may be 
systematically low. 
A small region of space-like q2 is accessible to direct measurement by pion 
electron scattering. This was pioneered by a Soviet/American collaboration, scatter- 
ing pion beams of 50, 100 and 250 GeV/c  from a liquid hydrogen target [2-4], and 
covering the range 0.01 < q2 < 0.1 ( G e V / c )  2. The authors of [4] found their three 
measurements were not completely compatible, and the conclusion of Dubnicka 
et al. [13] was that only the 250 GeV/c  measurement was reliable. 
We have already reported results from a similar measurement, with better 
statistical precision, at 300 GeV/c  and for the range 0.014 < q2 < 0.122 (GeV/c) 2 
[14]. In the present paper we describe our experiment in detail and extend the 
analysis of our data up to q2 = 0.26 ( G e V / c )  2. 
2. Experimental apparatus 
2.1. DESIGN CONSIDERATIONS 
The differential cross section for pion-electron scattering, to first order in a, 
varies as: 
do 
1 =lF,12q.  - _-7-- , (1) 
dq 2 qmax 
where qm~x2 (corresponding to backward scattering in the centre of mass) is roughly 
proportional to the pion beam momentum. At 300 GeV it reaches 0.288 ( G e V / c )  2. 
However the rapid fall in cross section towards 2 qm~x limits the range of our 
measurement to q2 < 0.26 (GeV/c) 2. 
In fig. 2 we show the kinematic relation between the electron and pion scatter 
angles for 300 GeV pions. Since q2 is related to the recoil electron kinetic energy T 
by q2=  2 m e T  ' the electron momentum is given approximately (in GeV units) by 
(3 n (mr)  
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Fig. 2. The relation between the pion and electron scatter angles at 300 GeV/c  incident plon momen- 
tum plotted in q2 steps of 0.01(GeV/c) 2. The curve "e~r" corresponds to exchange of the ~r and e labels. 
/De = 1000q 2, i.e. 14 GeV/c  at q2 = 0.014 and 260 GeV/c  at 0.26. Close to q2 = 0.15 
there is a kinematic ambiguity where both angles and momenta of the recoil and 
scattered particles are similar, and it is necessary to identify the scattered particles 
in order to determine q2. 
The elastic scattering process cannot be separated from the radiative process 
7re ~ ~re7 for arbitrarily soft photons. A calculable region of phase-space of the 
photon must be accepted and a correction (the radiative correction) applied to the 
measured cross section to estimate the contribution from (1). In previous experi- 
ments ~re events were selected by fitting the measured 3-momenta to the hypothesis 
~re ~ ~rey (missing) and rejecting 7 energies above a convenient cut. With this 
technique an additional correction must be made to account for radiation of the 
recoil electron in the material of the apparatus. We have adopted a different 
approach, fitting only the measured scatter angles, which are insensitive to external 
bremsstrahlung. 
The above kinematical considerations required that our apparatus should have 
good angular precision, good electron/hadron discrimination and a high acceptance 
over a wide range of momenta. The need for high statistics, and the large rate of 
pion hadronic interactions (a factor 103 higher than the useful ~re rate) dictated the 
choice of a negatively charged pion beam and a liquid hydrogen target in order to 
maximise the electron/nucleon ratio. 
2.2. APPARATUS (FIG. 3) 
The forward spectrometer (FRAMM) of the SPS NA1 experiment satisfied the 
requirements of momentum acceptance and particle identification, being equipped 
